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1
GYROSCOPE STABILIZER FILTER

TECHNICAL FIELD

The present inventions generally relate to methods and
devices for filtering measurements acquired in a sensor
reference system.

BACKGROUND

As described in WO 2012/044964, which is incorporated
herein by reference in its entirety, “sensor fusion” is a term
covering methods that determine the angular position of a
device in an Earth-type reference system based on measure-
ments of a magnetometer and motion sensors attached to the
device.

An Earth-type reference system is a frame in which
gravity and Earth’s magnetic field have fixed known direc-
tions. For example, Earth frame, which is defined as having
its x-axis pointing north and its z-axis pointing down in
gravity’s direction (thereby its y-axis pointing east), is an
Earth-type reference system.

A sensor reference system is a frame whose axes are
defined relative to the rigid body of a device on which the
sensors are mounted. Since the device is changing its
position and orientation, gravity and Earth’s magnetic field
do not have fixed and/or known directions in the sensor
reference system. The angular position (orientation) of the
device in a target (e.g., Earth-type) reference system deter-
mines a transformation (i.e., rotations) from the sensor
reference system into the target reference system.

Conventionally, sensor measurements are acquired and
then filtered in the sensor reference system to remove jitter
(insignificant fluctuations) and to separate time-dependent
portions from stable portions thereof (e.g., to separate linear
acceleration from gravity). That is, since the sensor fusion’s
goal is to determine a device’s orientation and not a device’s
position, the focus is on extracting time-independent gravity
from the accelerometer signal and not on time-dependent
linear acceleration other than gravity. However, filtering
sensor measurements in the sensor reference system leads to
very poor results when the device (and thus the sensor
reference system) is moving and changing its angular posi-
tion.

A superior sensor fusion result would be achieved if the
sensor measurements were filtered in the Earth-type refer-
ence system, where gravity and magnetic field directions are
known. In this case, a filtered accelerometer measurement
would match gravity, and a filtered magnetometer measure-
ment would match the Earth’s magnetic field. Since portions
of the measurements (i.e., linear acceleration from the
accelerometer signal and magnetic interference effects from
the magnetometer signal) filtered out vary over time and
depend on the device’s motion, a low-frequency pass filter
could be used to remove these portions of the sensor signals
transformed in the Earth-type reference system, while keep-
ing the desired (time-invariant or low-frequency varying)
portions. However, since the angular position of the sensor
reference system with respect to the Earth-type reference
system is not known, the measurement cannot be trans-
formed from the sensor reference system in the Earth-type
reference system. Therefore, this ideal manner of filtering
signals (i.e., in the Earth-type reference system) cannot be
implemented.

Accordingly, it is desirable to provide methods for filter-
ing sensor signals in a reference system whose position
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relative to the sensor reference system is known and in
which the advantages of filtering in an Earth-type reference
system are preserved.

SUMMARY

Method and devices according to various embodiments
perform filtering of sensor signals in a reference system
(gyroscope reference system) different from the sensor ref-
erence system. In this gyroscope reference system, time-
invariant portions of sensor signals can be separated from
time-varying portions thereof more reliably than in the
sensor reference system because gravity and Earth’s mag-
netic field directions are fixed within the filtering window.
One or more measurements are rotated in the gyroscope
reference system, then filtered, and then rotated back into the
sensor reference system. If the measurements were associ-
ated with acceleration or magnetic field, the filtered and
rotated back measurements may be used as inputs to a sensor
fusion method to determine the device’s orientation in a
non-inertial (Earth-type) reference system. The title “gyro-
scope stabilizer filter” indicates that filtering measurements
in the gyroscope reference system has a stabilizing effect, for
example, for the sensor fusion output. Sensor fusion with a
gyroscope stabilizer filter yields better results than sensor
fusion using conventional filtering in the sensor’s reference
system, because sensor fusion receives more accurate inputs.

According to one embodiment, there is a method for
filtering a measurement acquired in a sensor reference
system. The method includes determining a transformation
from a sensor reference system to a gyroscope reference
system using a previous angular position of the gyroscope
reference system in the sensor reference system, and an
angular velocity measured in the sensor reference system.
The method further includes rotating at least one measure-
ment from the sensor reference system to the gyroscope
reference system using the transformation. The method also
includes filtering the rotated at least one measurement to
remove at least a high-frequency time-dependent portion
thereof. The method then includes rotating the filtered at
least one measurement back into the sensor reference sys-
tem.

According to another embodiment, there is a computer-
readable medium storing executable codes which when
performed by a computer make the computer perform a
method for filtering a measurement acquired in a sensor
reference system. The method includes determining a trans-
formation from a sensor reference system to a gyroscope
reference system using a previous angular position of the
gyroscope reference system in the sensor reference system,
and an angular velocity measured in the sensor reference
system. The method further includes rotating at least one
measurement from the sensor reference system to the gyro-
scope reference system using the transformation. The
method also includes filtering the rotated at least one mea-
surement to remove at least a high-frequency time-depen-
dent portion thereof. The method then includes rotating the
filtered at least one measurement back into the sensor
reference system.

According to yet another embodiment, there is a filtering
module including a first input, a second input, an integration
unit, a first rotation unit, a filter and a second rotation unit.
The first input is configured to receive a current value of an
angular velocity of a device. The second input is configured
to receive a measurement of acceleration or a magnetic field
from sensors mounted on the device. The integration unit is
configured to receive the angular velocity and to determine



US 9,482,554 B2

3

a transformation to be applied to the received measurement.
The first rotation unit is configured to receive the transfor-
mation and to apply the transformation to the received
measurement. The filter is configured to modify the trans-
formed measurement, so that the modified measurement
corresponds to a substantially time-independent portion. The
second rotation unit is configured to receive the transforma-
tion, to apply an inverse of the transformation to the modi-
fied measurement and to output a result thereof.

According to another embodiment, there is a method for
filtering a measurement acquired in a sensor reference
system. The method includes determining a transformation
from a sensor reference system to an estimated Earth-type
reference system using a fusion quaternion determined by
applying a fusion method to a set of measurements previ-
ously acquired in the sensor reference system and integrat-
ing an angular velocity measured in the sensor reference
system. The method further includes rotating at least one
measurement from the sensor reference system to the esti-
mated Earth-type reference system using the transformation.
The method also includes filtering the rotated at least one
measurement to remove a high-frequency time-dependent
portion thereof, and rotating the filtered at least one mea-
surement back into the sensor reference system.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate one or
more embodiments and, together with the description,
explain these embodiments. In the drawings:

FIG. 1 illustrates reference systems and transitions there-
between according to an embodiment;

FIG. 2 is a flowchart of a method for filtering a measure-
ment acquired in a sensor reference system, according to an
embodiment;

FIG. 3 is a block diagram of a dedicated apparatus
according to an embodiment;

FIG. 4 is an operative diagram of a dedicated device,
according to an embodiment;

FIG. 5 is a block diagram of a device according to an
embodiment; and

FIG. 6 is a flowchart of a method for filtering a measure-
ment acquired in a sensor reference system, according to
another embodiment.

DETAILED DESCRIPTION

The following description of the exemplary embodiments
refers to the accompanying drawings. The same reference
numbers in different drawings identify the same or similar
elements. The following detailed description does not limit
the invention. The following embodiments are discussed, for
simplicity, with regard to the terminology of sensor fusion
methods in which a magnetometer and motion sensors are
used to determine angular position of a device carrying
them.

Reference throughout the specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described in connection with an
embodiment is included in at least one embodiment of the
present invention. Thus, the appearance of the phrases “in
one embodiment” or “in an embodiment” in various places
throughout the specification are not necessarily all referring
to the same embodiment. Further, the particular features,
structures or characteristics may be combined in any suitable
manner in one or more embodiments.
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Motion sensors attached to a device (e.g., a hand-held
controller) measure motion-related quantities (e.g., angular
velocity, acceleration) in a sensor reference system defined
relative to the device’s rigid body. The measured accelera-
tion includes gravity and 3D linear acceleration. The mag-
netic field measured by a magnetometer attached to the
device (i.e., in the sensor’s reference system) includes
Earth’s magnetic field, other fields and/or interference
effects.

FIG. 1 illustrates reference systems and transitions there-
between:

an Earth-type reference system (for simplicity, labeled

“Harth Frame,” but this label is not limiting its axis
definitions to x-axis pointing north and z-axis pointing
down in gravity’s direction),

a reference system that approximates the Earth-type ref-

erence system (labeled “Estimated Earth Frame”),

a sensor reference system (labeled “Sensor Frame”)

defined relative to the device’s rigid body; and

a reference system (labeled “Gyroscope Frame”) in which

measurement filtering is performed according to vari-
ous embodiments.

The transition from one reference system to another
includes one or more rotations corresponding to the angular
position of one reference system relative to the other refer-
ence system. The angular position may be expressed in
different ways, the most commonly used being Euler angles,
rotation matrices, or a quaternion. In this document, the
angular position of the device is expressed using a quater-
nion, but this manner of expressing angular positions should
not be construed as a limitation. Thus, to convert (i.e., rotate)
a measurement from one reference system to another refer-
ence system, it is enough to know a quatern ion representing
the angular position of one reference system relative to the
other reference system.

Sensors (e.g., an accelerometer, a gyroscope, a magne-
tometer) attached to the device acquire measurements in the
sensor reference system. Conversion from the sensor refer-
ence system to the Farth-type reference system would
require knowledge of a quaternion q,,,,,, Wwhich is not
known. The sensor fusion method described in WO 2012/
044964 uses sensor measurements to determine a fusion
quaternion qp,,,,,, which enables conversion from the sensor
reference system to the reference system that is close to the
Earth-type reference system. This reference system that
approximates the Farth-type reference system differs from
the actual Earth-type reference system due to estimation
error.

A reference system used for signal filtering is called
“gyroscope reference system” because angular velocity
often measured using a gyroscope is used to determine a
transformation from the sensor reference system to this
reference system. However, the word “gyroscope” is merely
a label and does not imply that the angular velocity has to be
measured using a gyroscope or any other similar limitation.

The gyroscope reference system is similar to the actual
Earth-type reference system in that the gravity and Earth’s
magnetic field directions are substantially constant within
the filtering window, but it differs from the Earth-type
reference system because the gravity and Earth’s magnetic
field directions are not known. The advantage of this gyro-
scope reference system is that the quaternion q,,,, repre-
senting the current angular position between the sensor
reference system and the gyroscope reference system can be
calculated by integrating the angular velocity starting from
the previous angular position. An initial angular position
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may be arbitrarily chosen, for example, the gyroscope
reference system may coincide with the sensor reference
system at an initial instance.

If the angular velocity measurement and the integration
were error-free, then the gravity and Earth’s magnetic field
directions in the gyroscope reference system would be
time-independent. However, even if, in practice finding a
current angular position is not error-free making the gyro-
scope reference system to drift relative to the actual Earth-
type reference frame, such a drift is slow or small so that the
gravity and Earth’s magnetic field directions in the gyro-
scope reference system may be considered as being “fixed”
(time-invariant) within the filtering window. Therefore, the
time-independent portion of the measurement corresponding
to gravity or Earth’s magnetic field can be better separated
in this gyroscope reference system than in the sensor refer-
ence frame, which makes filtering in the gyroscope reference
system to provide a similar advantage to filtering in the
Earth-type reference frame.

FIG. 2 is a flow diagram of a method 200 for filtering a
measurement acquired in a sensor reference system accord-
ing to an embodiment. Method 200 includes, at S210,
determining a transformation from a sensor reference system
to a gyroscope reference system using a previous angular
position of the gyroscope reference system in the sensor
reference system, and an angular velocity measured in the
sensor reference system. The angular velocity may be mea-
sured by a 3D gyroscope. If quaternion q, , , is the previous
angular position and w,, is the angular velocity, then quater-
nion q, corresponding to the current angular position is:

M

where, for a time interval between n-1 and n of T, quater-
nion q,, is:

Ten=0gn1D9

@

the quaternion multiplication € being well-known in the art.

Method 200 then includes rotating at least one measure-
ment v,, (i.e., a vector quantity) from the sensor reference
system to the gyroscope reference system using the trans-
formation, at S220. In a mathematical formulation using
quaternions, the rotated measurement is:

Ve dgn PV iuPlg,

3

Method 200 then includes filtering the rotated measure-
ment to remove at least a high-frequency time-dependent
portion thereof, at S230, thereby keeping the constant and/or
slow time-varying portion. In some cases (e.g., for accel-
eration), it is desirable to remove the time-dependent portion
if the known constant portion (e.g., corresponding to grav-
ity) is retained. A low pass filter or any other suitable filter
may be used. In one embodiment, in order to filter a current
value, similar measurements (also rotated in the gyroscope
reference system) in a filtering window preceding the mea-
surements are analyzed. Each vector component may be
filtered separately by a 3-channel gyroscope filter.

Method 200 then includes rotating the filtered measure-
ment back into the sensor reference system at S240. In a
mathematical formulation using quaternions, the filtered and
rotated back measurement is:

Q)

This filtering method may be applied to acceleration (e.g.,
measured using a 3D accelerometer) and/or to a magnetic

— — "
v oufqg;.ea v gﬁlteredeaq an
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field (e.g., measured using a 3D magnetometer). If the
filtered measurement is the acceleration, the time-indepen-
dent portion thereof likely corresponds to gravity, with the
time-dependent linear acceleration (i.e., other than gravity)
being removed. The time-dependent portion of the accelera-
tion (which can be separated during filtering) may be used
to estimate a current linear position of the device. Linear
acceleration may also be used by the inertial sensor navi-
gation systems. If the filtered measurement is the magnetic
field, the time-independent portion thereof likely corre-
sponds to Earth’s magnetic field, with interferences and
transitory fields being removed.

When the filtering method is used for acceleration and/or
magnetic field, method 200 may further include applying a
sensor fusion method to determine the sensor reference
system’s current orientation relative to the Earth-type ref-
erence system, using the filtered and rotated measurement(s)
as an input.

FIG. 3 is a block diagram of a filtering module 300
according to an embodiment. Module 300 includes first
input 310 configured to receive a current value of an angular
velocity m,, of a device, and a second input 320 configured
to receive a measurement v, (e.g., an acceleration or a
magnetic field from sensors mounted on the device).

Module 300 then includes integration unit 330 configured
to receive angular velocity m,, and to determine a transfor-
mation (e.g., quaternion q,,) to be applied to the received
measurement. Integration unit 330 may integrate the angular
velocity starting from a previous (delayed) angular position
dg,,.; to find the current angular position (i.e., quaternion
Agn)-

First rotation unit 340 that receives the transformation
(e.g., quaternion q,,) from integration unit 330 and the
measurement from second input 320 applies the transfor-
mation to the received measurement, to output transformed
measurement v..

Filter 350 is configured to modify transformed measure-
ment v, so that the modified measurement v, represents a
substantially time-independent portion of the transformed
measurement (e.g., the high frequency part removed).

Second rotation unit 360 that receives the modified mea-
surement v, and the transformation (e.g., quaternion q,,,)
applies an inverse of the transformation to the modified
measurement and outputs a result v,,,, thereof.

FIG. 4 illustrates an apparatus 400 according to an
embodiment. Apparatus 400 has filtering modules 410 and
420 similar to module 300 in FIG. 3 intercalated to inputs of
a module 430 configured to perform sensor fusion. Filtering
modules 410 and 420 are configured and connected to filter
acceleration and magnetic field measurements. However,
measurements corresponding to other quantities having
time-invariant portions may be filtered.

FIG. 5 illustrates a device 500, according to another
exemplary embodiment. Device 500 carries motion sensors
510 and a magnetometer 520. Motion sensors 510, which are
configured to measure angular velocity and acceleration, and
magnetometer 520 are connected to a dedicated device 530
having an operative structure similar to the one illustrated in
FIG. 4. Dedicated device 530 includes an input interface
533, a processor 535 and a memory 537, and is configured
to determine orientation of device 500 in a non-inertial
(Earth-type) reference system using measurements of
motion sensors 510 and magnetometer 520. Memory 530
may non-transitorily store executable codes which, when
executed by processor 535, perform any of the above-
described methods. Device 500 may be a mobile commu-
nication device.
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Although the dedicated device 530 is illustrated as a part
of device 500, this illustration is not intended to be limiting.
In another embodiment, sensor data processing is performed
remotely.

According to yet another embodiment, sensor measure-
ments may be converted (i.e., rotated) from the sensor
reference system into the estimated Earth-type reference
system, and then filtered. The transformation from the
sensor reference system to the estimated Earth-type refer-
ence system may be determined using the previous fusion
quaternion qy,,,,,,.; determined for a previous measurement
modified by integrating the current (measured) angular
velocity for the time interval between a previous and a
current sample (i.e., set of measurements). A flowchart of a
method 600 for filtering, in the estimated Earth-type refer-
ence system, a measurement acquired in a sensor reference
system is illustrated in FIG. 6.

Method 600 includes determining a transformation from
a sensor reference system to an estimated Earth-type refer-
ence system using a fusion quaternion determined by apply-
ing a fusion method to a set of measurements previously
acquired in the sensor reference system and integrating an
angular velocity measured in the sensor reference system, at
S610. Method 600 further includes rotating at least one
measurement from the sensor reference system to the esti-
mated Earth-type reference system using the transformation,
at S620. Method 600 then includes filtering the rotated at
least one measurement to remove a high-frequency time-
dependent portion thereof, at S630, and rotating the filtered
at least one measurement back into the sensor reference
system, at S640.

The disclosed exemplary embodiments provide a method
and a dedicated device for filtering measurements used to
determine orientation of a device. It should be understood
that this description is not intended to limit the invention. On
the contrary, the exemplary embodiments are intended to
cover alternatives, modifications and equivalents, which are
included in the spirit and scope of the invention. Further, in
the detailed description of the exemplary embodiments,
numerous specific details are set forth in order to provide a
comprehensive understanding of the claimed invention.
However, one skilled in the art would understand that
various embodiments may be practiced without such specific
details. Furthermore, the final output could be used for any
reasonable purpose and does not have to relate to orienta-
tion. It could be any property or measurement whose mea-
surement is at least partially affected by frame changes such
as those resulting from orientation adjustments. Alternate
examples might include step length, travelling direction,
phone pose, heartbeat signals, tremor, rudder position, door
position, etc. Also, while the source of the orientation
estimate here is generally the gyroscope, the scope of the
invention is not restricted to that sensor. Any sensor that
allows one to estimate changes in, e.g., orientation over time
could be used to drive this same filtering concept. For
example, angular position sensors, some forms of magne-
tometers and other sensors may be used to determine the
transformation from the sensor reference system to the
gyroscope (quasi-stationary) reference system.

As also will be appreciated by one skilled in the art, the
exemplary embodiments may be embodied in a computer
program product stored on a computer-readable storage
medium having computer-readable instructions embodied in
the medium. Any suitable computer-readable medium may
be utilized, including hard disks, CD-ROMs, digital versa-
tile disc (DVD), optical storage devices, or magnetic storage
devices such a floppy disk or magnetic tape. Other non-
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limiting examples of computer-readable media include
flash-type memories or other known memories. Accord-
ingly, the exemplary embodiments may take the form of
entirely hardware or combine hardware and software
aspects.

Although the features and elements of the present exem-
plary embodiments are described in the embodiments in
particular combinations, each feature or element can be used
alone without the other features and elements of the embodi-
ments or in various combinations with or without other
features and elements disclosed herein.

What is claimed is:

1. A method for filtering a measurement acquired in a
sensor reference system, the method comprising:

determining a transformation from a sensor reference

system to a gyroscope reference system;

rotating at least one measurement from the sensor refer-

ence system to the gyroscope reference system using
the transformation;

filtering the rotated at least one measurement to remove at

least a high-frequency time-dependent portion thereof;
and

rotating the filtered at least one measurement back into the

sensor reference system.

2. The method of claim 1, wherein the transformation is
determined using a previous angular position of the gyro-
scope reference system in the sensor reference system, and
an angular velocity measured in the sensor reference system.

3. The method of claim 2, wherein the angular velocity
and the at least one measurement are acquired by sensors
attached to a device, the sensor reference system being
associated to a rigid body of the device.

4. The method of claim 3, wherein the method is per-
formed by a data processing unit of the device.

5. The method of claim 3, wherein the angular velocity is
measured by a 3D gyroscope.

6. The method of claim 3, wherein the device is a mobile
communication device.

7. The method of claim 1, wherein the at least one
measurement corresponds to an acceleration and/or to a
magnetic field.

8. The method of claim 7, wherein the magnetic field is
measured using a 3D magnetometer.

9. The method of claim 7, wherein the acceleration is
measured using a 3D accelerometer.

10. The method of claim 7, wherein one of the at least one
measurement corresponds to acceleration and the filtered
time-dependent portion thereof is used to estimate a current
linear position of the device.

11. The method of claim 7, further comprising:

applying a sensor fusion method to determine a current

orientation of the sensor reference system relative to an
Earth-type reference system, using the filtered rotated
at least one measurement as an input.

12. The method of claim 11, further comprising:

displaying an image for a gaming system user according

to the current orientation.

13. The method of claim 11, further comprising:

determining a position of a cursor on a display according

to the current orientation.

14. The method of claim 11, wherein the method is
performed by a processor of an apparatus controlled based
on the current orientation.

15. The method of claim 1, wherein the transformation
determined as a quaternion representing angular position of
the gyroscope reference system relative to the sensor refer-
ence system.
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16. A computer readable medium storing executable
codes which when performed by a computer make the
computer perform a method for filtering a measurement
acquired in a sensor reference system, the method compris-
ing:

determining a transformation from a sensor reference

system to a gyroscope reference system using a previ-
ous angular position of the gyroscope reference system
in the sensor reference system, and an angular velocity
measured in the sensor reference system;

rotating at least one measurement from the sensor refer-

ence system to the gyroscope reference system using
the transformation;

filtering the rotated at least one measurement to remove at

least a high-frequency time-dependent portion thereof;
and

rotating the filtered at least one measurement back into the

sensor reference system.

17. A filtering module, comprising:

10

15

a first input configured to receive a current value of an 29

angular velocity of a device;

a second input configured to receive a measurement of an
acceleration or a magnetic field from sensors mounted
on the device;

an integration unit configured to receive the angular »s

velocity and to determine a transformation to be
applied to the received measurement;
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a first rotation unit configured to receive the transforma-
tion and to apply the transformation to the received
measurement;

a filter configured to modity the transformed measure-
ment, so that the modified measurement to correspond
to a substantially time-independent portion; and

a second rotation unit configured to receive the transfor-
mation, to apply an inverse of the transformation to the
modified measurement and to output a result thereof.

18. A method for filtering a measurement acquired in a

sensor reference system, the method comprising:

determining a transformation from a sensor reference
system to an estimated Earth-type reference system
using a fusion quaternion determined by applying a
fusion method to a set of measurements previously
acquired in the sensor reference system and integrating
an angular velocity measured in the sensor reference
system,

rotating at least one measurement from the sensor refer-
ence system to the estimated Earth-type reference sys-
tem using the transformation;

filtering the rotated at least one measurement to remove a
high-frequency time-dependent portion thereof; and

rotating the filtered at least one measurement back into the
sensor reference system.

#* #* #* #* #*



